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Technological progress is determined to a great extent by developments of novel
materials from new combinations of known substances with different dimensionality and
functionality. We investigate the development of 3D ‘hybrid’ nanomaterials by utilizing
graphene based systems coupled with transition metal oxides (e.g. manganese oxides
MnO2 and Mn3O4). This lays the groundwork for high performance electrochemical
electrodes for alternative energy owing to their higher specific capacitance, wide
operational window and stability through charge-discharge cycling, environmental
benignity, cost effective, easily processed, and reproducible in a larger scale.
Thus far, very few people have investigated the potential of combining carbon
sheets that can function as a supercapacitor in certain systems with transition metals that
have faradaic properties to create electrochemical capacitors. Previous work by Wang et
al. has focused on the structural combination of Mn3O4 and graphene based materials,1
and research by Jafta et al. studied the electrochemical properties of MnO2 with GO.2
We find that both physical and chemical attachment of manganese oxide on
graphene allows for electrical interplay of the materials as indicated in electrochemical
analysis and Raman spectroscopy. Attachment of the two materials is also characterized
by scanning electron microscopy and X-ray diffraction.

x

Chapter 1: Introduction and Motivation
The Department of Homeland Security (DHS) has a vested interest in the security
and infrastructure of the Energy sector, which is governed the Department of Energy
(DoE).3 Securing stability and continuity of energy supply is of high importance. Intense
research activity on alternative energy sources is stimulated by continuously increasing
global demand on energy. Electricity generated from renewable energy sources, such as
wind and solar energy provides a huge potential for meeting energy demands of the
future. Effectively leveling the cyclic nature of renewable energy sources is of critical
importance while maintaining low production cost and optimal performance.4
Electrochemical systems represent some of the most efficient and environmentally
friendly technologies that are capable of addressing these energy demands.
The present work is driven by the search of potential energy storage materials for
alternative clean energy applications. The objective of this work is to design and
synthesize a range of graphene-based ‘hybrid’ nanomaterials with tailored interfaces as
high-performance electrochemical electrodes. We also investigate their structural,
physical and electrochemical properties. Anticipated results include supercapacitive
performance, with gravimetric and area capacitance data, charging/discharging
cyclability, and retention over hundreds to thousands of cycles. Moreover, the choice of
nanomaterials based on graphene and its derivatives in conjunction with manganese
oxides keeps the growing importance of sustainable, clean energy sources in mind. The
strategic approaches employed in this work are such that they can potentially be directly
useful for real-world applications.
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1.1 Nanomaterials for Energy Storage
Nanomaterials afford several advantages over bulk materials. They enhance
electrochemical and mechanical properties, such as larger specific surface area and
enhanced electron and ion-transport. Nanomaterials also have reduced structural defects
as compared with bulk materials which lend an increased in mechanical strength. As
discussed in greater detail in Section 1.2, electrochemical reactions occur at the surface of
materials. The charge storage capacity can be increased by either increasing the surface
area of the electrodes or by decreasing the space separating the electrodes. Electron
transport properties are improved in nanomaterials compared to bulk materials because
the physical structure of the electron configuration changes with the structure of the
corresponding nanomaterials.5 Fig. 1 shows a range of potential nanomaterials utilized
for energy-related research.

Figure 1. Highlights of select nanomaterials potentially useful in energy-related research.
1.1.1 C-Based Materials and Graphene
Carbon can take many forms with wide-ranging characteristics. One-, two- and
three-dimensional forms are discussed in detail below. Elemental carbon makes up
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approximately 0.09% by mass of the Earth’s outer crust.5 The carbon atom has six
protons and six electrons with an electron configuration of 1s22s22p2. The atomic mass of
carbon is 12.011 amu. Carbon has high melting point at > 4000oK with a high-pressure
transition from graphite to diamond at >109 Pa (Fig. 2). Two basic forms of carbon are
graphite (sp2-bonded carbon; also referred to as sp2 C) and diamond (sp3- bonded carbon,
also referred to as sp3 C). Graphite is one of the softest materials known while diamond is
the hardest material. For sp2 C, the atoms form a strong covalent bond with three
neighboring carbon atoms forming a planar hexagonal ring with bond angles of 120o.
The fourth orbital is formed perpendicular to this plane and forms a much weaker van der
Waals bond with the corresponding orbital in the next plane.
The relative strength of these two
types of bonds is 524 kJ/mole and 7
kJ/mole for the covalent and van der
Waals bonding, respectively. In addition,
the bond length for in-plane atoms is
0.141 nanometers (nm) versus the
perpendicular bond length of 0.335 nm, or
roughly a factor of three.7 As a result of

Figure 2. Carbon Phase Diagram6

this predominantly planar bonding, graphite is viewed as a 2-dimensional structure. This
explains why graphite makes an excellent lubricating agent for hard surfaces; the planar
bonding forms an exceptionally strong layer which does not readily break down while the
weak bonding between layers allows the planes to “slip” past each other. Graphite is
classified as a semi-metal. It is noteworthy that the in-plane resistivity of graphite
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relatively low at ~7x10-4 -cm while in the direction perpendicular to the plane
resistivity is approximately 1000 times higher. As would be expected, graphite exhibits
anisotropic thermal conductivity with in-plane conductivity approximately 100 times that
the conductivity between planes.8 At standard temperature and pressure graphite is more
stable than diamond.9
Elemental carbon may also form more complex cage-like structures originally
reported by Kroto et al in 1985.10 Classified as fullerenes (Fig. 3), the configurations
include the C60 buckminsterfullerene, or “buckyballs,” buckybowls (an open buckyball),
C70, C84 and numerous other complex structures.11 The fullerene cage diameter is typically
in the range of 0.7 to 1.5nm. This fundamental work resulted in an explosion of research
into the properties and potential applications for buckyballs including superconductors,
medical treatment and diagnostics, and military armor.

Figure 3. Structures of 2D graphene, fullerenes, carbon nanotubes (CNTs), and 3D
graphite.12
Carbon nanotubes are fullerene-related structures consisting of graphene cylinders
closed at either end. In the simplest version, a single layer graphene sheet forms a single
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tube, or single wall nanotubes (SWCNTs). If more concentric layers are wrapped around
the SWNT it becomes a multi-walled nanotubes (MWCNTs). These are depicted
graphically in Fig. 312 and Fig 4. The discovery of these unique structures was made in
1991 by NEC electron microscopist, Sumio Iijima, while studying materials deposited on
the cathode during the arc-evaporation synthesis of fullerenes.13 Subsequent work by T.W.
Ebbesen and P.M. Ajayan, colleagues of Iijima, demonstrated the bulk growth of nanotubes
by varying arc-evaporation conditions.14 Nanotubes are classified as one-dimensional
structures since the radial dimension is on the order of nanometers while the longitudinal
length is microns. Nanotubes exhibit metallic and semiconducting properties, where
potential applications include field-effect transistors (FET’s), display panels, energy cells
and sensor technologies. Researchers have successfully synthesized SWNT and MWNT on
substrates using hot filament chemical vapor deposition (HFCVD) and plasma enhanced
CVD (PECVD).15, 16 CNTs are of interest for electrochemical applications as they can
function as supercapacitors due to the valence and conduction bands of the unbound pz
orbital that is perpendicular to the in-plane sp2 C bonds.16
A single layer of natural graphitic sp2 C, known as graphene, was studied in 2004
and produced by mechanical exfoliation of natural graphite using scotch-tape method by a
team of researchers led by A.K. Geim and K.S. Novoselov. They later won the Nobel Prize
in 2010 for their ground-breaking work.17 Despite its classification as a semi-metal,
graphene may function as a semiconductor due to the presence of a narrow gap in the
valence and conduction bands especially when placed on highly insulating substrates. This
configuration also helps to identify the graphene layers using optical microscopy. The thin
layers of graphene are important for a gamut of applications owing to their superlative or
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unique physical characteristics (e.g. higher electrical and thermal conductivity, mechanical,
optical, chemical and biological properties). It can be used in electrochemical applications
such as supercapacitors, batteries, and catalysts.18
In addition to classic or conventional graphene mentioned above, variants of
graphene that possess surface moieties or functionalities—such as graphene oxide (GO)
and reduced graphene oxide (rGO)—equally play a vital role for various potential
technologies. Oxidation of graphite by exposure to oxidizing agents like sulfuric acid
increases the gap between the layers of graphene. Introduction of oxygenated species to
graphene increases the hydrophilicity of each layer, enhancing the effectiveness of
obtaining single GO layer by ultrasonication in water. The hydrophilicity of GO also makes
it ideal for use in organic solvents which is important in enhancing the electrochemical
properties of some polymers. GO tends to be less conductive than conventional graphene.
The pz orbitals normally are unbound, so the electrons fill either the valence (π bonding
state) or the conduction band (π* anti-bonding state).19 The continuity of these bands
between carbon atoms is responsible for the semi-conducting behavior of graphene. Due to
the presence of surface functional groups on GO sheet that bond with electrons in
graphene’s valence band, the π-bond states are disrupted because fewer electrons are able
to jump to the conduction band.20
To get around the limitations of GO for useful applications in electrochemical
devices, it needs to be reduced to obtain a product equivalent to a single layer of
conventional graphene. Reduced graphene oxide (rGO) is produced by reducing the oxygen
species of GO sheets. This can be done by a number of methods including washing GO
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with hydrazine monohydrate, exposing GO to hydrogen plasma or other strong pulsed UV
light, heating GO at varying temperatures and time, and linear sweep voltammetry (LSV).

Figure 4. Chemical structure of a simple layer for graphene sheets of GO, rGO,
SWCNT and MWCNT.
This work focuses on the use of graphene variants in electrochemical applications
because they are highly conductive and function well as supercapacitors due in part to rapid
ion transport. The key is finding optimal support molecules that capitalize on the
advantages of graphene as outlined above.

1.1.2 Other Potential Materials
Certain varieties of polymers—like conducting polymers—are useful as electrical
conductors in dozens of applications. Sometimes called synthetic metals, these materials
owe their enhanced electrical properties to the delocalized electrons in the repeated,
proximal π-bonds that they have in common. Polyaniline is one of the earliest known
conducting polymers. First synthesized in the mid-19th century, its uses as a conductor
were discovered in the late 1970’s when Shirikawa’s group tried a novel combination of
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known materials by exposing polyacetylene films to halogen and alkali metal vapors.
Since then, there has been an abundance of work studying various conducting polymers
and alterations (i.e. doping) to those materials in attempts to enhance the electrical
properties.21
Silicon is of interest in energy storage because it is highly available in the United
States, highly reactive, and readily made into a porous material via etching which can be
good for forming a capacitor with high surface area. However, silicon naturally has low
specific surface area, and micelles tend to form and aggregate together further decreasing
the available surface area in many applications. The capability of silicon to store energy
decreases drastically on every charge cycle because it expands and contracts with every
cycle.22
Hydrous ruthenium oxides, especially RuO2, have applications in
pseudocapacitors.4, 23 Desirable properties include the reported capacitance of 850 F g-1,
high conductivity and reversibility, and good redox activity over a decent range of
applied voltage.4 The high cost of RuO2 is a significant drawback at roughly $60 per
gram24 for pure material. There are pseudocapacitive alternatives to RuO2 such as the
Cobalt oxide Co3O4, but it does not perform as well as RuO2. To try to increase the
performance of these pseudocapacitive metal oxides, combinations of materials have
been tested with varying degrees of success.26
Manganese oxide is an alternative transition metal of interest because it is
environmentally benign and readily extractable, and it shares the properties that make
RuO2 appealing. Of the many crystalline structures of manganese oxides, MnO2 and
Mn3O4 were selected for study due to their reported structural stability in
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electrochemistry.1 MnO2 has a rutile structure of manganese (II) ions in the corners of the
unit cell with two oxide ions on each the top, bottom, and center plane. The oxide ions on
the top and bottom planes

a)

b)

Figure 5. Crystal structures of (a) MnO2 and (b) Mn3O4.
occupy the same opposing corners, while the oxide ions in the center plane shared with a
single manganese ion occupy the opposite two corners. Fig. 5a elucidates this description,
where the red spheres are oxide ions and the grey are manganese ions. The Fig. 5b shows
the crystalline structure of Mn3O4 which is a spinel structure with manganese (II) in the
tetrahedral site and manganese (III) in the octahedral site of cubic close packed oxide
ions.25

1.1.3 Hybrid Nanomaterials
In order to facilitate the higher performance of a range of nanomaterials as
discussed above, technological progress is determined by developments of novel
materials from new combinations of known materials with different dimensionality and
functionality with complimentary results. Combinations of various materials have been
tested with varying degrees of success.5 A couple of synergistic pairings include CNTs
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and graphene with TiO2 as photocatalysts for solar cell applications, and graphene with
gold nanoparticles for biosensing applications.
By combining a range of graphene materials that behave as a supercapacitor with
transition metal oxides that operates pseudocapacitively, it is anticipated that there will be
a combined electrochemical behavior that ideally has the power density of a
supercapacitor and energy density of a battery. Table I outlines the power and energy
differences in batteries and capacitors. Combining transition metal oxides with
conducting substrates tends to enhance the conductivity of the substrate. MnO2 combined
with CNT can yield a range of 210 F g-1 to 450 F g-1 specific capacitance (Zhang et al,
2013).26 Yu et al. also found that MnO2 electrochemically deposited on graphene
nanosheets of high surface area have excellent interfacial contact that lends to fast
electron transport.4 This work examines combinations of the two graphenes with the two
types of manganese oxide polymorphs described previously. To expand on these finding,
we investigate the development of graphene variants coupled with transition metal oxides
(manganese oxides β-MnO2 and Mn3O4).
Table I. Ideal power and energy densities of a hybrid material that has
components of supercapacitor and battery.
Power Density Energy Density
Capacitor
high
low
Battery
low
high
Hybrid
med/high
med/high

1.2 Electrical and Electrochemical Principles
Electrical principles arise in chemistry when chemical changes either induce or
occur as a result of charge flow. As long as there is current in these chemical reactions,
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they can be described in terms of electricity.28 Pertinent examples include batteries,
capacitors, conductors, and enhanced versions of these components.
Chemical batteries have been the go-to device for energy storage and delivery in
applications ranging from automotive to cell phones and a myriad of purposes in between
because they have a compact, lightweight structure and sufficient power. Drawbacks of
these devices include low power density, slow charging rate, relatively short shelf-life,
and limited cyclability.4
Capacitors have the ability to smooth out variations in the current of a circuit by
storing charge in a non-conducting dielectric material between two conducting plates, or
electrodes. Upon variance in the electric field, charge is released. The capability of a
capacitor to store charge is described by:
𝐶=

𝜀𝐴 𝑞
=
𝑑
𝑉

(1)

where the capacitance, C, is directly related to the surface area (A) of the plates or layers
and the dielectric constant (ε) of the dielectric material separating the two plates; it is
inversely related to the distance separating the layers. Capacitance is also related to
charge stored q and potential across the capacitor V so that (C=q/V). In terms of energy
storage, capacitors offer a few advantages over batteries including a cycle lifetime that is
102 to 103 times greater than for batteries, rapid response time (seconds to charge or
discharge), and reliability.4
Supercapacitors (SCs), sometimes called ultracapacitors or electrochemical
capacitors, have storage capacity that is orders of magnitude greater than that of standard
capacitors. SCs can be charged and discharged rapidly while maintaining cyclic stability,
and they have a large power density. A drawback is that they tend to have lower voltage
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limits than traditional capacitors. Supercapacitors generally fall into one of two categories
depending on its design/charge mechanism. Electrochemical double layer capacitors
(EDLC) function by transferring charged ions from an electrolytic solution to an
electrode (electrostatic); electrochemical capacitors (pseudocapacitors) depend on fast
Faradaic reactions (electrochemical reduction and oxidization—redox—via electron
transfer).4, 26

Figure 6. A depiction of an ECDL interface with various contributions27

An ECDL essentially functions like a capacitor where the electrolyte replaces the
dielectric material. Charging an ECDL can be thought of as simultaneous charging of the
negative and positive electrodes. Carbon-based materials, including nanotubes and
graphene, are commonly used as electrodes in ECDLs for reasons outlined in section
1.1.1 of this chapter (low resistance, stable material, chemically inert, easily processed
without harmful by-products). Fig. 6 shows a schematic of the double layer formed by the
electrode and electrolytic solution. A layer of charged ions forms on the surface of the
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electrode. The width of these ions is the inner Helmholtz plane (IHP). Assuming a
negatively charged anodic electrode, solvated cations will be attracted to the IHP. The
distance from the electrode to the cations is the outer Helmholtz plane (OHP). Each of
these planes function as the two plates of a capacitor, and the spatial difference between
the OHP and IHP is the distance separating the two plates. This space is of the order of a
few nanometers, which makes theoretical capacitance of ECDL high based on Eqn. (1).28
Faradaic redox reactions—the principle at the core of pseudocapacitors—occur at
the electrode/electrolyte interface and are reversible depending on the applied voltage.
Metal oxides, among other materials like conducting polymers and nitrides, are
commonly used in pseudocapacitors.4 Pseudocapacitive reactions are desirable because
they have faster charge/discharge cycles that also have better response time to an applied
voltage. Electrochemical analysis is used to determine the nature of the reaction at the
electrode. It is important to understand the separate contributions of a reaction so that the
performance of the material can be accurately described. For instance, Faradaic reactions
are almost always coupled with ECDL reactions. The redox reactions significantly
contribute to the capacitance of the system since the equivalent circuit for this type of
system is a parallel configuration of capacitors. The redox reaction contributions can be
more clearly seen on electrochemical analysis for a particular range of scan rates (V/sec)
when transient effects—those from the ECDL, diffuse layer, etc.—are minimized.29

1.3 Characterization Techniques
We used a range of complementary analytical characterization tools that include
scanning electron microscopy (SEM), Raman spectroscopy (RS) and X-ray diffraction
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XRD to probe the quality of the synthesized hybrids prior to studies of their
electrochemical supercapacitor properties.
The Scanning Electron Microscope (SEM) is primarily a surface characterization
technique that measures the backscattered and secondary electron emissions. Backscattered
emission results from the incident electron beam colliding with an atom at nearly normalresulting in the electron being scattered in the opposite direction. Secondary electron
emissions are caused by an incident electron passing near enough to the atom to impart a
portion of its energy on electrons in the atomic orbital, resulting in a lowered energy in the
incident electron and ionization of the atom. In addition, SEM can measure x-ray emissions
from the sample surface. SEM can qualitatively identify surface texture and elemental
composition. SEM magnification can approach 5 x 104.4
A potential difference of 100 kV results in electronic wavelengths on the order of
0.0037 nm. At these extremely short wavelengths, it is possible to resolve atomic-level
features. The wavelike behavior, combined with the ability to accurately bend and deflect
electron beams utilizing magnetic fields (magnetic lenses), became the basis for electron
microscopy techniques developed and refined throughout the 20th Century.
A diagram of an electron microscopy system is provided in Fig. 7.30 In an electron
microscope the electron source, consisting of a heated tungsten filament, produces an
intense beam accelerated by a high voltage source. The condensing lens converges the ebeam and regulates the intensity. Selectable apertures determine beam size. Aperture
selection determines the resolution by setting the half-angle (), as discussed below, and
controls image contrast. A larger aperture produces higher resolution. The objective lens
focuses the electron beam on the sample object. The intermediate and projector lenses
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function to control the magnification level of the image. Total magnification is determined
by the product of the objective lens magnification and the intermediate projector lens
magnification.31 Objective lens magnification is generally fixed.
The SEM is equipped with backscatter and secondary detectors and is capable of
analyzing non-conducting samples. Acceleration voltage can be varied from 0 to 30 kV and
resolution is 4 nm and 3 nm for low and high vacuum modes, respectively. Acceleration
voltage was set at 7.5 kV to 15 kV for all samples and images were collected at 2500x,
7500x and 15000x. SEM is used to visualize surface morphological features. In SEM, an
electron beam is generated by thermoionic emission that strikes the surface of the sample
and the electrons emitted from the sample (secondary electrons) are analyzed. SEM
analysis of all of the materials studied herein is performed using JEOL Model LV5400
located at WKU Electron Microscopy Center.

Figure 7. An example of a scanning electron microscopy system.
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SEM provides a mostly qualitative picture of the surface morphology and
composition for the materials. XRD (x-ray diffraction) is used to quantify the crystal
structure of the bulk material. The XRD [Thermo ARL Scintag X’tra] used is located at
WKU’s Center for Research and Development. Diffraction occurs when X-rays encounter
regularly spaced obstacles, such as a crystal lattice structure. Incident X-rays striking the
sample are diffracted at the surface and by subsequent layers or planes. The geometric
differences in path length between layers will cause a phase-shift in the diffracted beams.
For certain incident angles, there will be a phase shift that is in-phase due to the difference
in path length equaling a multiple of the x-ray wavelength. This is illustrated in Fig. 10.
For those angles at which the diffracted waves are in phase, constructive interference
occurs and the intensity of the diffracted x-rays increases. This phenomenon is known as
Bragg diffraction, and the relationship for constructive interference is easily derived from
the geometry shown in Fig. 8. The Bragg relationship, or Bragg’s Law, is given by:

d hkl 

n
2 sin 

(2)

where: dhkl is the distance between lattice planes, n is an integer (1), λ is the x-ray
wavelength from the source (0.1541 nm), and θ is the incident angle from plane surface.
It should be noted that the x-ray wavelength is on the order of the lattice spacing for typical
atomic and molecular arrangements. By changing the angle of incidence through a range,
either by diffracted wave in total counts or count rate (counts per second). Angle and
intensity data are recorded to data files and intensity versus angle (2θ) plots are generated.
The lattice constant a for each sample was then derived from the following
relationship for cubic systems:
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dhkl 

a
h  k 2  l2
2

(3)

where: h, k, l are the Miller plane indices, and a is the lattice constant.
The observed spreading of the XRD peaks results from a smaller crystallite size
having relatively few lattice planes which causes a broadening of diffraction lines.32 The
Debye-Scherrer equation is applied to calculate the crystallite size (Lhkl),

Lhkl 

0.9
B cos hk l

(4)

where: 0.9 is the correction factor for Gaussian distribution, λ = x-ray wavelength, B =
full width of at half maximum (radians), θhkl = scatter angle (peak). Dividing crystallite
size, L, by the average space between each plane, d, the total number of layers in that
crystal can also be determined.

Figure 8. Diagram of Bragg diffraction. The blue dots represent atoms in a crystal.
The red lines are the incident X-rays that are scattered at an angle θ when they interact with
an atom in the crystal. The spacing between the layers of the crystal is denoted by d, and the
subscripts h, k, and l refer to different dimensions of the crystal.

Raman spectroscopy (RS) is another quantitative characterization tool used to
understand lattice vibration and dispersion relationships in materials. This provides
valuable insight into the phonon-electron interactions critical to the thermal, electronic, and
17

optical properties of materials. The major elements of a Raman spectrometer utilizing the
dispersive properties are shown in Fig. 9.33
Chandrasekhara Venkata Raman discovered the effect which ultimately bore his
name in 1928 using sunlight and a telescope as his light source.34 He used unaided vision
for detection. This is an amazing accomplishment given that Raman scattering results in
only a slight variation in the scattered wavelength shift. The advent of laser technology
advanced Raman studies by providing a high intensity monochromatic light source.
Detectors advanced from photographic plates to photomultiplier tubes to solid state,
charge-coupled devices. Improvements in optical system, especially the 1960s, resulted in
the single, double and triple monochromator systems that greatly enhanced the ability to
filter out unwanted stray light and wavelengths.
The Raman Effect involves the inelastic scattering of photons by the crystal lattice.
The shift in wavelength of the scattered beam can be related to the creation or absorption of
phonons and the corresponding loss or gain of energy. In practice, the sample material is
irradiated with a high intensity laser beam in the ultraviolet or visible light range. The
scattered light consists of both Rayleigh scattering (same wavelength as the incident beam)
and Raman scattering that is much weaker in intensity compared to the Rayleigh intensity
(by a factor of approximately 108). Incident photons are scattered by electrons resulting in
the creation (Stokes) or absorption (anti-Stokes) of a phonon. Conservation of energy
dictates that the scattered beam energy be increased or decreased by the phonon energy that
was either created or absorbed. This change in energy results in a slight shift in the
scattered signal wavelength and is expressed mathematically as follows:
ℎ𝜔′ = ℎ𝜔 ± ℎΩ(𝑘)
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(5)

where:  is the incident frequency, ’ is the scattered frequency and  is the phonon
frequency.
The light source for the Raman system was a continuous wave laser composed of
He-Ne (632.8 nm). A green Argon laser at wavelength, , of 514.5 nm is a common
alternative, and Kr (337.4 to 676.4 nm) is also available. Lasers provide a stable, narrow
bandwidth light source at high energy density which greatly assists in the measurement of
Raman shifts. The sample was illuminated and scattered energy collection by a series of
optical lenses and mirrors designed to focus the incident laser beam on the sample and
lenses to collect the scattered beam. This system also includes one or more diffraction

Figure 9. A schematic of a Raman spectrometer system.33
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gratings with mirrored concave lenses to direct the scattered light from the sample to the
grating(s). Double or triple monochromators improve the resolution of the Raman peaks
and reduce the effects of stray light. The more slits in the diffraction grating per linear inch
or millimeter, the better the dispersion and the greater the resolution of the unit. More
recently, single-stage spectrographs have been utilized with charge-coupled devices (CCD)
and special filters to achieve high performance Raman spectrographic systems.
As mentioned previously, the Raman effect was originally observed visually. Very
quickly, photographic film was utilized to record the scattering. The advent of vacuum
tubes and photomultiplier tubes provide a means for utilizing active devices to achieve
signal amplification, greatly improving the detection of weak Raman peaks. There are a
number of variations on the above setup and several techniques have been developed for
specific types of characterization and analysis. These include surface scanning
techniques, analysis of gaseous and aqueous samples, low/high temperature cells, Raman
difference spectroscopy, Fourier Transform spectroscopy and Raman Microscopy (RM),
or micro-Raman. This technique was developed in the 1970’s and is utilized for the
identification of surface contamination and defects and the microanalysis of surface
features. Because of the optical configuration, Raman microscopy can achieve analytic
quality Raman spectra of samples with as little as 1 m spatial resolution—making it
well suited for surface characterization. The configuration provides the high numeric
aperture necessary to maximize capture of scattered light. The sample is placed on the
microscope stage and the incident beam is directed through the microscope onto the
sample. The scattered light is collected by the objective lens and analyzed by the
spectrometer.
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RS primarily looks at the vibrational energy released by a material when excited
by an incident monochromatic laser. This work used a 632.8 nm excitation laser. In the
case of graphene, its lattice structure interacts with the incident energy and releases
Stokes phonons as the material vibrates. The material struck by the excitation laser beam
vibrates, and in the case of graphene Stokes phonons are released. Other materials may
absorb the incident energy, in which case anti-Stokes vibrations are observed.
Graphene based materials have characteristic wavenumbers (cm-1) at
approximately 1580 cm-1, 2690 cm-1, and 1350 cm-1. These are referred to as the G, 2D,
and D peaks, respectively. G is the primary peak for in-plane vibration modes; 2D and D
result from alternative in-plane vibrations. The shape of the 2D peak for single layer
graphene has a different appearance compared to multi-layered graphene. Graphene has
higher intensity (arbitrary units) than graphite because the bulk material absorbs the
released phonons. Other peak variations can include additional peaks, altered FWHM,
and changes to peak intensity. By comparing the intensity ratios of the 2D to G peaks—
I2D/IG—the number of graphene layers can be determined. Intensity of the D peak is
correlated to the disorder of graphene. For this reason, GO has a stronger D peak at about
1350 cm-1 than rGO which has fewer ligands attached. As previously discussed, graphene
has a series of sp2 bonded C-atoms that create a honeycomb structure. When a single
layer is considered, this network lends to super conductive properties. The π bonds alter
the conductive properties depending on the nature of the ligands attached to the sheet.40
A number of electrochemical techniques were used to test the electrical properties
of the new hybrids. In the case of an electrolytic cell, chemical changes are monitored in
terms of current as a result of an applied voltage. In Chapter 2, the electrodes are created
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by a drop cast method. Chapter 3 discusses the hybrid nanomaterials as electrodes
synthesized using an electrolytic cell. These constructed electrodes are used as the
working electrodes in an electrolytic cell; Fig. 1035 shows the configuration of the 3electrode electrolytic cell. The voltage is applied across the counter electrode and the
working electrode. This design is used to characterize the electrical behavior of our nanohybrid graphene/MnOx electrodes.
The configuration of the electrolytic cell allows us to measure changes in current
in response to voltage; these measurements are collectively called voltammetry. There are
several variations in voltammetry. The most basic is linear potential sweep
chronoamperometry, or linear sweep voltammetry (LSV or LV), where the current is
measured as the applied voltage increases from Va to Vb. Cyclic voltammetry (CV) is a
LV technique that continuously sweeps back and forth through a voltage range. An
alternative voltammetry method is electrochemical impedance spectroscopy (EIS). The
impedance of a system is extrapolated from analyzing the current response to applied AC
voltage at varying frequencies.
An ideal result from CV is seen in the current versus voltage plots when the
forward scan from Va to Vb is mirrored by the reverse voltage sweep from Vb to Va. This
indicates a fully reversible redox reaction, possibly capable of many charging/discharging
cycles. The forward and reverse scans correspond to the anodic/oxidative and
cathodic/reductive redox reactions at the electrode, respectively. The location of the peak
current with respect to applied voltage can be compared when these sweeps are done at
various scan rates. The redox reaction that occurs at the electrode is considered reversible
if the peak current occurs at the same potential across all scan rates. If that voltage at
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peak current is inconsistent across scan rates, then that reaction is considered quasireversible or irreversible. Analyzing the resulting current as a function of potential helps
determine the nature of reduction/oxidation (redox) reactions occurring at the electrode of
interest.
The three-electrode system used for electrochemical analysis is approximated in
Fig. 10. The working electrode, W or WE, is the position of the electrode of interest;
stainless steel was used as the counter electrode, C or CE; the reference electrode, R or
RE, provides the material against which the potential difference, ΔE, is measured. A
saturated calomel electrode (SCE) was used as the reference electrode for this work. The
applied potential is determined by the voltage difference between the working electrode
and the reference electrode, while the WE and CE are the primarily involved in the redox
reactions in the electrolytic cell. These reactions occur in the case of ad- or desorption of

Figure 10. A three-electrode configuration. W is the working electrode, C is the
counter electrode, and R is the saturated calomel reference electrode (SCE). ΔE is the
potential difference (V) between the reference and working electrode.35
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material on an electrode.28 Non-faradaic reactions are not reversible reactions; charge is
not transferred from the electrode to the electrolyte. This is how MnOx is deposited on the
cathodic WE; the method details are described in Chapter 3.

1.4 Organization of Thesis
The background and motivation for this work is presented above to lay foundation
for the subsequent chapters. Chapter 2 provides the experimental procedure, and results
of studying the ex-situ synthesis and characterization of physical layering of the hybrid
nanomaterials. Chapter 3 describes the in-situ synthesis and characterization, as well and
theory and results of the chemically adsorbed manganese oxides. Finally, we summarize
the composite results and future prospects from the thesis and its applications.
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Chapter 2: Ex-situ Synthesis of Hybrid MnOx/Graphene Nanomaterials
2.1 Introduction
This project begins with a straight-forward means of synthesizing the hybrid
nano-materials. We then use material characterization instruments and analytic
techniques to identify properties and material interactions of the graphene and manganese
materials. This chapter describes the drop-wise or drop-cast method: air drying layers of
manganese oxide on graphene as ex-situ synthesis of the hybrid nanomaterials. We
describe the experimental design, results of physical and electrocehmical charaterization,
and discussion of these results.
Both physical and chemical interactions at surface interfaces contribute to energy
transfer and storage.5 This chapter reviews the synthesis and characterization of a series
of physical combinations of graphene-based and manganese oxide nanomaterials on
silicon wafers. These combinations include GO/MnO2, GO/Mn3O4, rGO/MnO2, rGO/
Mn3O4; each material was also independently analyzed for completeness. A series of
anaylitical methods were used to check for physical adherance and interaction of the
nanomaterials. These instruments and methods have been outlined in the introductory
chapter.
The first analytical method used was SEM to visualize the morphology of each
sample. GO appeared as realatively large, crinkled sheets of paper (Fig. 11), rGO
appeared to be more clustered, and the crytal structures of manganese oxides were
examined. We were able to identify the elemental composition of the materials via
elemental dispersive X-ray scattering (EDS) with SEM. XRD showed the average
crystalline structure of the materials. RS additionally confirmed the presence of each
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material. We mapped regions in each sample using RS that showed shifts in the
characteristic peak positions of each material over a small area.

2.2 Materials and Methods
To compose the ‘hybrid’ materials, MnO2 and Mn3O4 are anchored on the
oxidized functional groups on the surface of graphene oxide (GO) and reduced graphene
oxide (rGO) by mixing dispersions of the constituents by mild ultrasonication. This
approach affords strong attachment and is expected to have coupling between the
pseudocapacitive transition metal oxides and nanocarbons leading to enhanced
activity/reactivity and durability. 2, 4, 26 Each carbon-based material is individually
combined with each metal oxide used in this study in order to determine an optimized
configuration.
A substrate is needed to hold the layers of the micro- to nano-sized materials. As
explained in the introduction, silicon oxide wafers were selected to use initially as a
platform to hold the graphene coating. The silicon oxide wafers were cut to
approximately 1 cm squares from a stock of Si/SiO2 plates which were then cleaned via
ultrasonication in acetone for 10 minutes, then dried with N2(g). Solutions of 0.2 mg mL-1
MnO2 micropowder in dIH2O and 0.09 mg L-1 Mn3O4 were made (US-nano, TX). GO
(Graphene Supermarket, TX) and rGO (Graphenea Inc, Spain) solutions were each made
to 0.085 mg mL-1. Thin films of each of these four samples were constructed by drop
casting and allowing it to air dry on the prepared Si/SiO2 wafers. The ‘hybrid’ materials
were constructed by mixing each metal oxide independently with the two forms of
graphene in a 1:1 ratio, followed by mild ultrasonication for 10 minutes. Thin films of
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these composite materials were constructed by the same manner as for the individual
materials.
SEM images were taken using a JEOL 5400LV model equipped with a tungensten
filament, thermionic emmission gun. From this instrument we were able to get a
qualitative visual of how much manganese had coated the graphene in SEI (secondary
electron imaging) mode. A semi-quantitative evidence of the elements present using EDS
was obtained from backscattered electron imaging (BEI).36 The brighter areas of the SEM
images correlate to the manganese portion of the samples and the flatter regions are
graphene; the higher intensity is a product of electrons more freely released from the
comparitively electron rich transition metal. After an initial set of scans, it was decided
that larger particles of MnO2 needed to be removed from the sample due to concerns of
insufficient contact with graphene. Based on visual appearance of the SEM images, the
ratio of manganese to rGO needed to be increased so that more of the rGO surface could
participate in electrochemical exchanges.
XRD was used to aid identification of the crystalline structures for all materials. A
Siemens model D2000 was used with a Cu Kα x-ray source (λ = 1.5405 Å). GO and rGO
were analyzed between 2θ (Bragg-Brentano geometry) of 9° to 30° from the sample
plane; all other samples containing manganese were scanned from 2θ of 9° to 75°. The
system progressed at step intervals of 0.02° for 1 sec to 5 sec at each step; longer scan
rates were used to improve strength of the signal. Generally, broad peaks indicate smaller
grain size and narrow peaks represent larger crystalline structures. A quartz calibration
chip (2θ= 26.64±0.02) was used to validate XRD calibration. For the samples containing
manganese, the instrument collected data for the range 9°≤2θ≤75° at 0.04°/sec. The range

27

for rGO and GO was 9°≤2θ≤35° since there are no peaks of interest between 35° and 75°
for graphene. If peak resolution was poor quality (e.g. low signal to background ratio, poor
resolution), the scan rate was reduced to 0.02°/sec. Multiple scans were run for each
sample and the scan exhibiting the best peak resolution was selected for subsequent
analysis.
Individual data sets were plotted against the 2θ values. A Gaussian fit was applied
to each peak and the resultant Gaussian parameters were calculated for peak center, full
width at half maximum (FWHM), offset (y-axis) and peak height. Peak center and FWHM
were the primary parameters of interest. Using the Bragg equation, inter-planar spacing—
dhkl—was calculated following: 2dhkl sin  n , where n = 1, and λ = 0.15405 nm.
The position of the characteristic peaks on Raman spectra of manganese and
carbon were examined. Data was collected using an InVia model (Renishaw plc., UK)
micro-Raman spectrophotometer equipped with a 632.8 nm (1.92 eV) He-Ne excitation
laser. The power output is about 5 mW at the sample.36 RS is calibrated with a silicon
wafer at 520 cm-1; a tolerance of ±0.5 cm-1 is accepted. The intensity of the peaks
depends on the exposure time and the percentage of the laser beam that is focused on the
sample. Because of these factors, the relative intensity of the peaks is compared between
samples rather than absolute intensity.
Two types of data were collected from RS; point spectra and maps of local
regions. For point spectra, the average waveform was collected for the entire area under
the laser point (roughly 20 µm2) over a few minutes. Mapping, however, broke the area
down into roughly 100, 0.2 µm units to give an image of the composition of that entire
area; examples of this are in Fig. 17 and Fig 18. Hybrids containing MnOx are Raman
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active from 400 cm-1 to 3200 cm-1; Carbon-only materials (rGO, GO) only respond in the
1150 cm-1 to 3200 cm-1 range (resolution 1 cm-1).
Once the physical adherence of manganese oxides on graphene substrates was
confirmed by SEM, XRD, and RS, we constructed electrodes coated with the hybrids to
test their electrical properties. Variance of the results between individual materials
indicates physical interaction of the layered materials.

2.3 Results and Discussion
We used multiple approaches to determine the composition and physical
charaterisitics of these materials to be able to describe applications for these materials.
The nature of the constituent materials’ interaction with eachother and environment
(applied potential) greatly influences how these materials can be used. SEM, XRD, and
RS describe various attributes of the materials’ composition. RS is also used to describe
the interation of the Mn oxides and the graphene substrates by comparing vibrational
changes in the length of elemental bonds. Electrical analysis of these materials as
electrodes was also performed.

2.3.1 Scanning Electron Microscopy
SEM was used in two modes to confirm the presence of each material. SEI mode
produced micrographs of the hybrid nanomaterials for qualitative analysis, which materials
shows interfacial contact between the carbon and manganese materials. These micrographs
are topographical depictions. Images produced in BEI mode are correlated to density; when
combined with EDS, semi-quantitative identification of elemental composition is obtained.

29

Figure 11. SEM images for hybrid nanomaterials. Topographical micrographs
captured in SEI mode, images a) through j), for rGO, GO, MnO2, Mn3O4, and each
combination of Mn/C; each figure is labeled with its corresponding material. Images k) and
l) are BEI figures; intensity correlated to electron density of the atoms. Regions selected for
EDS analysis noted by the red boxes inset on these images.
The SEM micrographs are presented in Fig. 11. GO and rGO are shown exclusively
in Figure 11a-b, 11i. GO resembles crinkled sheets; rGO has a more disorganized
appearance, resembling crumpled paper. These morphologies may cause different
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contributions to the way manganese oxides interact with the graphene surfaces as well as
the electrical properties. The manganese oxides are seen independently in Figs. 11c-d for
MnO2 and Mn3O4, respectively. MnO2 has a rutile structure that appears as little shards or
splinters as seen in Figs. 11c, 11e, 11j-k. The remaining images, Figs. 11d, 11f-h, and 11l,
show Mn3O4. It has a cluster appearance due to its lattice configuration as a spinel structure
with tetragonal distortions. Overall, the nanomaterials varied from 20 nm to 80 nm in
diameter.28
BEI images in Figs. 11k and 11l show electron density of the material rather than
topographic features. Brighter regions correspond to higher atomic numbers, so the white
regions in Figure 11k correspond to Mn. The contrasting light and darker grey areas in that
image have varying densities of C and O, where the slightly lighter regions have a greater
concentration of O containing ligands. The small rectangular boxes inset on Figs. 11k and
11l identify the points targeted for elemental composition.
EDS, energy dispersive X-ray spectroscopy, was used as a semi-quantitative
confirmation of our observations of manganese oxide asymmetrically distributed on GO
and rGO. The presence of C, Mn, and O was confirmed. At the regions identified in Figs.
11k and 11l, from the atomic ratio of Mn/C, the atomic percentage of Mn was determined
to be 0.88 at. % for MnO2/GO and 0.30 at. % for Mn3O4/GO.31

2.3.2 X-Ray Diffraction
X-ray diffraction is used to determine the lattice structure of the target material. The
angle of the scattered x-rays refracted from a sample is used in conjunction with Equations
2, 3, and 4 as explained in the introduction. The location of the spectral peaks, as well as
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their shape and intensity, is specific to each material and based on the lattice structure.
XRD is also used to determine crystallite size. Diffractograms for each of the materials are
shown in Figure 12. Carbon materials rGO and GO are overlaid in Fig. 12a, and Fig. 12b
shows the MnOx variants. The diffractograms for all materials containing β-MnO2 are in
Fig. 12c, and those for Mn3O4 are in Fig. 12d.
The 2ϴ angle of 16.6° seen in the rGO and GO diffractograms (best shown in Fig.
12a) is a result of the interplanar spacing of about 0.74 nm. The relatively large distance
between layers are caused by some combination of defects in the planar, sp2 σ bonds.
Defects include holes in the plane, ligands bonding to the sp3 orbital, or molecules like
water that may be intercalated.37 GO has only one other broad peak— it barely stands out
as a shoulder to the 16.6° peak—at approximately 23.6° that corresponds to 0.38 nm
between layers, very near the interplanar spacing for graphite28 (0.34 nm). The relatively
low intensity of this peak indicates only a modest contribution to the bulk crystallite
structure of materials containing GO.
There are several lattice planes in play for rGO. The 16.6° peak also presents for
rGO, coupled with a wide peak centered near 24.5 to 26° with interplanar spacing of about
0.36 nm. The graphitic interplanar spacing of rGO is slightly closer to graphite (Δd = 0.02
nm) than that displayed by GO (Δd = 0.04 nm). We anticipate the lattice spacing for rGO to
be similar to pure graphite since there are supposed to be minimal defects in the graphene
plane with few functional groups attached. The process of reducing GO occurs from the
outer edges of the graphene layers. As these unbound edges become larger, they may from
π-π* bonds, thus narrowing the planar gap for rGO.28 The rGO diffractogram does reveal
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one other peak at about 12°—a planar distance of 0.69 nm. Such a distance between layers
suggests incomplete reduction of the graphene-oxide sheets.
The diffractograms for β-MnO2 [Mn(IV)] and Mn3O4 [Mn(II, III)] each have a
characteristic set of narrow peaks as shown in Fig. 12b. Inset to that figure are depictions of
each Mn crystal as identified by the Miller indices, also noted on the diffractograms. As
summarized in work by Gupta et al (2015), the peaks were indexed for each tetragonal-

Figure 12. XRD diffractograms the C, Mn, and hybrid materials: a) Data
collected for C-only materials ranged from 9°<2ϴ<30°; b) Nano-/micro- manganese
oxides -MnO2 and Mn3O4 diffractograms, 9°<2ϴ<70°, with Miller indices noted; and
c), d) Each show characteristic peaks for the new hybrid materials. The peaks of interest
for hybrids are marked with either dashed rectangular box or their (hkl) index. All of the
diffractograms are taken in-2 geometry with Cu K x-ray source (λ = 1.5405 Å).
Images borrowed from Gupta et al, 2015.28
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spinel and -rutile crystal systems for hausmannite Mn3O4, and pyrolusite MnO2 [(110),
(101), (112), (200), (211), (220), (310), (211), (301), (400), (411), and (600)].36 Tetragonal
rutile β-MnO2 has lattice constants of a = b = 4.4Å and c = 2.87 Å; corresponding
diffractogram peaks (and hkl values) are noted at 2ϴ of approximately 28.8° (110), 37.3°
(101), and 64.8° (002). For comparable 2ϴ angles, Mn3O4 with a tetragonal-spinel distorted
crystal structure has the following Miller indices: 28.8° (112), 36.5° (202), and 65.4° (323).
These values are considered standard, as has been long established by the National Bureau
of Standards.38
By using the Debye-Scherrer equation, Eq. 4 as explained in Chapter 1, the
crystallite size (L) can be determined. Figure 13a shows the lattice spacing, d, for bare
graphene and the Mn/C hybrids; Fig. 13b translates that spacing to particle size. The lattice
spacing was smallest for the graphene materials alone when compared to either in
conjunction with manganese oxide. As previously noted, the interplanar spacing was

Figure 13. Lattice spacing and particle size from XRD are depicted for (r)GO and
MnOx/C. Bragg’s law was used to determine the lattice spacing, dhkl in Å, as depicted in
a). The lattice constants for the tetragonal structure are noted for MnO2 and Mn3O4. The
interplanar spacing was then extrapolated to graph b) which relied on Scherrer’s equation
to determine the particle size, L200 in nm.36
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slightly larger for GO. When considering the hybrid nanomaterials, MnO2/C yielded the
greatest increase in lattice spacing as well as particle size compared to bare graphene or
Mn3O4/C. It is interesting that the crystallite size for Mn3O4/GO became significantly smaller
than the other hybrids, even though its lattice spacing stayed relatively large. This could be
due to interactions between the complicated spinel structure of Mn3O4 interacting with
defects in the GO layers that somehow limit particle size. The broader peaks from Mn
contributions in Fig. 12c and 12d support the idea that there is some interaction between the
Mn crystallites and the graphene sheets, particularly for Mn3O4/C.

2.3.3 Raman Spectroscopy
Raman spectroscopy measures the vibrational energy of a material by examining
the energy released from an inelastic absorption of photons that interact with phonons. As
the material returns to its normal or rest state, either acoustic waves (Brillouin scattering)
or optical waves (Raman scattering) are produced. In the case of sp2 bonded carbon,
vibrational modes occur in the valence and conduction bands (π and π*, respectively) as
well as the in-plane C-C bonds. For the manganese oxides, the spectral peaks—
particularly at lower wavenumbers—are produced by the lighter oxygen molecules.
Broad peaks tend to result from smaller crystallites.
Ruch et al (2009) studied chemical doping in CNTs using RS and speculate that
there should be an increase in conductivity of the π-bonds of graphenes as a result of
doping.21 These changes are identifiable by deviations from graphene’s characteristic
Raman wavenumbers. An up-shift in the G band corresponds to lengthening of the C-C in
presence of excess electrons, which also causes increased conductivity. These ωG upshifts
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are associated with charge transfer, or more electrons in the sp2 layer. Downshifts in ωG
reveal a different direction of charge transfer; electrons are pulled from the sp2 lattice,
which can also be described as p-type doping, or an introduction of “electron holes.”

Figure 14. Raman vibrational intensities of MnO2, Mn3O4, and Mn3O4/rGO that
demonstrate the slight variances in crystal energy by the Raman shift.

While these shifts are common, there is insufficient consensus for this to be hardened
theory.39 We garner some information about the interplay of the hybrid materials by
analyzing the characteristic peaks of each material and comparing the slight shift of those
peaks in the hybrid materials. Spectra are normalized with respect to G band intensity.
There are four primary vibrational peaks characteristic for Mn3O4 and MnO2,
approximately located at 358.2 cm-1, 480 cm-1, 620 cm-1, and 658 cm-1; two weak peaks
appeaer around 450 cm-1 and 570 cm-1 due to their tetragonal structures.28 Our data did
not reliably reveal all of these peaks. Crystal defects reduce phonon propogation which
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leads to lower peak intensity, and may cause some peaks that should be measured to be
weaker than the noise signal. Alternatively, the spinel symmetry of Mn3O4 may cause
certain peaks to shrink on RS because the phonon enerrgy is dispersed by the crystal
structure.28

Figure 15. Complete Raman Spectra for MnO2 and related materials. Bare rGO and
GO included for easier comparison with the hybrids. Regions of interest fall between 200
cm-1 to 3400 -1. Raman bands (D, G, 2D, D+G, Mn peaks) marked on the spectra.
MnO2 did consistently present two peaks at about 510 cm-1 and 580 cm-1, and a
useful peak for Mn3O4 was 654 cm-1. These are highlighted in Fig.14 with the Mn3O4/GO
ωMn as well. While the different MnOx species were fairly similar, GO and rGO have
more pronounced differences due to the oxygenated species found on GO. For rGO, the

37

D-band is found near 1337 cm-1, G-band is near 1587 cm-1, 2D-band is a broad peak
centered at 2665 cm-1, and the D+G-band is another broad peak centered around 2907
cm-1. These peaks are shown in Fig.15 (MnO2 and graphenes) and Fig. 16 (Mn3O4 and
graphenes) for all materials studied.36 Our Raman spectroscopy data was primarily
analyzed in terms of the graphene band positions belonging to the D, G, and 2D bands
(ωD ≈ 1340 cm-1, ωG ≈ 1580 cm-1, ω2D ≈ 2670 cm-1). Another band is seen in some
spectra that results from the resonance of the D and G modes; this is simply the D+G
band, ωD+G ≈ 2920 cm-1.

Figure 16. Complete Raman spectra for Mn3O4 and related materials. Bare rGO and
GO included for easier comparison with the hybrids. Regions of interest fall between 200
cm-1 to 3400 -1. Raman bands (D, G, 2D, D+G, Mn peaks) marked on the spectra.
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Comparing the intensity (I) of some of these bands determines the amount of
disorder in the graphene layers. Ratios of particular interest are: ID/ IG, IG/I2D, IMn/IG, and
the ratio of the band positions ω2D versus ωG. Comparing the positions of the 2D and G
peaks reveals the nature of the disorder or defects in the grahene sheets.28, 32 The defects
result from different actions of doping on graphene. For GO-supported hybrids, the
defects were from p-type doping, or ‘electron holes’ were intorduced via incomplete
filling of the valence bands somewhere in the MnOx/GO complex. The rGO-based
hybrids had defects that resulted from n-doping as revealed by the increase in the G band
and decrease in the 2D band peak position.28, 32
The shift in frequency (ω) for each band is displayed in Fig. 17 where the precise
peak position was determined for each material. The shift in vibrational frequency
induced by the presence of additional material is readily seen in this manner. The
presence of GO with Mn tends to downshift ωMn. Likewise, the presence of Mn on GO
decreases ωD and ωG. This is not the case for rGO, which seems only to have a minor
upshift in ωMn, and the presence of Mn increases the ωD and ωG of rGO to a slightly
greater degree. An upshift of the ωG band is evidence of the n-type doping of the rGO
sheets where increased in-plane, C-C bond length results from excess electrons present in
the lattice. When comparing the relative intensities of the peaks, Mn3O4 on rGO seemed
consistently to increase; since this is seen in several peak ratios, it is likely an effect
based on the presence of manganese oxides.
The intensities of the D bands across all materials indicates a laser-energy (EL) of
EL-4. The second-order phonon scattering of the D band—the 2D band—has an excitation
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energy of EL-3. Based on Raman scattering, resonance, and matrix/crystallite elements,
the behavior of the D band is comperable to nanographite.28
An optical image taken of each material before striking the material with the laser.
A broadband (white) light source was used, and a micrograph was produced. Figures 18
and 19 include an optical micrograph for MnO2/GO and Mn3O4/GO, respectively. These
images showed that the distribution of the manganese oxides was not homogeneous; there

Figure 17. Peak wavenumbers (cm-1) at each band for all C-based materials. Fig
17a, b, and d show the pea positions, ωD, ωG, and ω2D, respectively; Fig 17c shows the
intensity ratio for the D and G bands, Fig 17e shows the intensity ratio of the Mn to G
peaks, and Fig 17f shows the intensity of the G to 2D peaks. Fig 17g plots the ω2D versus
ωG peak positions.36
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Figure 18. Raman mapping for MnO2/GO. The length bar in each image
corresponds to 1 µm. Images as labeled are the intensity maps for the D, G, and Mn bands,
as well as the maps for the intensity ratios of the D to G and Mn to G bands. The optical
image that the mapping region was selected from is also present. The remaining blocks
indicate regions of higher density of material by brighter intensity.36

was some variability in both the apparent concentration and the grain size of the particles.
From this view, we selected interesting regions where all target materials were present for
RS analysis. The clarity of the intensity maps corresponds to a moderate degree of
crystallinity. These intensity maps show that the most responsive Raman band locations
vary somewhat across the region analyzed. Several factors contribute to this variablility,
including the orientation of the crystallite, inconsistent boundaries, and the localized effects
of MnOx. The scale bars in each of the subset imagese for Figs. 18 and 19 equal 1 µm; each
figure includes the intensity of the Raman bands for graphene, D and G, as well as the
manganese intensity, and the intensity ratio maps for ID/IG and IMn/IG.
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Figure 19. Raman mapping for Mn3O4/GO. The length bar in each image corresponds
to 1 µm. Images as labeled are the intensity maps for the D, G, and Mn bands, as well as
the maps for the intensity ratios of the D to G and Mn to G bands. The optical image that
the mapping region was selected from is also present. The remaining blocks indicate
regions of higher density of material by brighter intensity.36

2.3.4 Electrical Properties
The presence of manganese influences the electrical behavior of graphene. These
changes were noted in Raman spectroscopy results, where shifts of band energy occurred
as a result of electron mobility contribution by the manganese oxides.
Fig. 20 is an I-V plot which shows some of the electrical changes produced by the
manganese oxide doping contributions to GO and rGO. This curve shows a quasisemiconducting behavior for MnO2/GO, and relatively poor conductance for GO alone.
We expect GO to be the least conductive material studied because of the number of
ligands disrupting the sp2-carbon lattice. The addition of MnO2 did not greatly affect the
conducting behavior of rGO. The electrical conductance was measured for each of the
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Figure 20. An I-V (current-voltage) plot for MnO2 on GO and rGO.
hybrids; these values are shown in Fig. 21. As expected, the highest conductivity was for
rGO by nearly twice that of GO. The addition of any form of manganese oxide
significantly lowered the conductivity of the system to comparable values for all hybrid
materials, with the rGO supported hybrids only having a marginally greater conductivity.

Figure 21. Electrical conductivity for each hybrid with rGO and GO.
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2.4 Conclusions
Each of the physical characterization techniques used provided clues to how the
constiutent particles interact in the hybrid nanomaterials synthesized by a straightforward dropcast technique. SEM provided qualitative visualization of the materials, as
well as some quantitative measure of material composition from EDS. XRD shifts in the
peaks across a range of 2ϴ measurements indicates changes to the original lattice strucre
of the independent materials. Analysis of the hkl values shows how the combined
materials may interact in aggregate/bulk. The measured particle size from XRD correlates
to what was expected from the SEM images, where GO was relatively smooth compared
to rGO. This observation also applies to the lattice spacing of the hybrid nanomaterials
when considering the rutile structure of MnO2.
Mn3O4 has extra symmetries to consider due to its spinel structure. Since this
molecule is a combination of two manganese oxidation states (Mn2+ and Mn3+), it is
important to consider where these molecules are located. Depending on the crystal
structure, there may be unequal electron contributions to graphene interaction. Another
factor that arises from crystal structure is grain size. Small crystallites have different
interactions with the graphene substrates than bulkier materials, which may attenuate
more energy.
In analyzing crystal structures, it helps to have enough material to consider it
“bulk.” Particularly for XRD, it is possible that the Brillouin zones could make precise
measurement of lattice spacing more difficult. Brillouin zones are the fractured edges of
crystal materials where energy (phonons and other waves) may be dispersed differently
than it is through the remainder of the crystal. This phenomenon could partially explain
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why the particle size was determined to be smallest for Mn3O4/GO, where the ligands of
GO could have aided in capturing and dispersing scattered energy.
An additional point for investigation through XRD is the fact that both rGO and
GO displayed some crystalline behavior attributed to graphite morphology. The presence
of graphite could be an indication of the source material purity, or it could be a
characteristic that arises from natural stability issues with the graphene sheets. One test to
probe the structural dependence of rGO and GO would be to analyze these base materials
and our nano-hybrids in XRD through a wide temperature range. For example, if 2ϴ
shifts up, that could indicate further thermal reduction of any attached functional groups,
encouraging narrower interplanar space. If the peaks become sharper, we would
anticipate an increase in the crystallite size and number of graphene layers.29
RS was the most versitile tool used to quanitify the interacion of the disparate
nanomaterials. Shifts in the peaks on rGO and GO spectra when combined with the
manganese oxides show that the MnOx groups contribute to the disorder of the graphene
sheets.28, 40 RS provided similer confirmation to EDS in that material-specific profiles
were obtained, thus confirming the presence of the materials. The regions of interest for
these two methods were also visually selected, but with RS we learned more about how
the constituent materials interact.
Mn/G peak ratios and peak positions provide insight to charge carriers, and how
the manganese oxides not only interact with the sp2 bonded carbon, but also how it could
affect the ligands’ contribution on GO. These contributions are highly important to the
elecrical behavior of the materials. Doping from MnOx could contribute to enhanced
conductive properties of the graphene based materials.
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Electrical analysis was used to elucidate the electrocemical reaction, and to
provide data or potential applications of the hybrid nanomaterials constructed. Fig. 20
showed that the conductance was highest for MnO2 /GO. The presence of MnO2 may
retain more of the electrons from the graphene lattice, thus increasing the number of
holes available in the graphene lattice. This p-type doping is supported by the down shift
of the G band (ωG) for MnO2 /GO as seen in Fig. 17. The data from this facile approach
show promise in enhancing the electrical properties of the GO, rGO support structures for
holding the manganese oxides.
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Chapter 3: In-situ Electrochemical Synthesis and Characterization of Hybrid NanoMaterials on Braided Carbon Fiber Electrodes
3.1 Introduction
The in-situ synthesis of our hybrid nanomaterials is considered to see if this
marginally complex means of material construction offers further improvements in the
materials’ electrochemical properties compared to the simple method and results
described in Chapter 2. Coating the electrodes was done by the same straight-forward dry
cast process until 10 layers of GO or rGO were applied to the substrate that would also
serve as an electrode. Most of this work is based on cloth carbon fibers as electrodes;
some priliminary tests used indium tin oxide (ITO) as a back-up substrate in case the
manually braided carbon fibers failed to function as electrodes. (The carbon fiber braids
worked well as electrodes.) After characterization in RS to confirm graphene on the Cfibers, manganese oxide was added using potentiodynamic cyclic deposition. We call this
method in-situ synthesis of the hybrid nanomaterials. This is a proven method for
synthesis of nano-scale materials including metal oxides; researchers Yu et al. estimated
a deposition rate of about 5 µg/min with an applied current of 0.1 mA/cm2. They also

Figure 22. An illistration of the ionic current (IC) and electric current (EC)
interplay on the MnOx /graphene (GNS) coated electrodes. The carbon fiber electrodes
serve as the current collector. Micro- to nano- sized particles of MnOx are randomly
adsorbed to the GNS.41
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found that a thin layer of MnO2 of <1 μm should be maintianed due to the poor electrical
conductivity and low proton diffusion constant that limits its particiaption in
pseudocapacitive reactions.4, 39
An illustration of the complicated interactions of the randomly adsorbed MnOx on
graphene supports is shown in Fig. 22. A potential drop (V) between the electrodes
creates an electrical current. This current flow affects the ionic charge of the materials at
the hybrid material/electrolytic solution interface such that an ionic charge flow may be
induced, which in turn creates an electrochemical double layer capacitance. More detail
on the ECDL was covered in Chapter 1 (Fig. 6).
Electrical impedance spectroscopy, EIS, is used to garner details about how
charge flow occurs on and near the WE, which is composed of the hybrid nano-materials.
For this work, an asymmetric 3-electrode configuration was used as described in Chapter
1. The instrumentation, details described in 3.2 Materials and Methods, allowed us to
apply direct current (dc) or alternating current (ac) to obtain different datasets.
Potentiodynamic cyclic voltammetry (CV) measures the current response to an applied
potential that incrementally changes from Va to Vb and back to Va at a constant scan rate.
(It was also used to deposit MnOx on the WE using a different setup.) A range of scan
rates (V/s or υ) is used to reveal trends in the target materials’ response. The repeatability
of redox reactions is examined by charge-discharge cycling. The most versatile EIS tool
is ac impedance spectroscopy, where the current from the working electrode is measured
in response to changing the magnitude or frequency of the ac wave. These methods allow
us to calculate various electrical behaviors of the hybrid materials, i.e. capacitance of the
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ECDL (Cdl), charge transfer resistance (Rct), low frequency capacitance (Clf), the overall
specific capacitance, and the power and energy density.
By changing the scan rate over a specified potential window (ΔV), a couple of
important trends may be observed, i.e. the capacitive nature and charge transfer of the
electrochemical system. When the overall appearance of the cyclic voltammogram (CV)
has a rectangular appearnace, it indicates a good capacitive response. This means that for
a particular potential window (ΔV), the output current does not change much. Sometimes
these curves reveal peaks at certain potentials, which indicates a disruption in charge flow
that correlates to redox reactions. A reversible reaction has mirrored peaks (Imax) on the
forward and reverse scan between Va and Vb. The area under the CV curve is used to
quantify the amount of charge, Q, involved in the reaction. This is then used with Eqtn 6
to calculate specific capacitance, Cs. Capacitance alone does not sufficiently describe
how and why the hybrid electrodes display certain behaviors. Impedance spectroscopy
and analysis provides additional insight by comparing the real and imaginary portion of
impedance, phase angle, and frequency of the applied ac potential.
Impedance, Z and measured in Ω, can be thought of as the sum of all the
components that resist or otherwise slow the flow of charges in an electrical system.
These components may lay in series or parallel to the components that promote charge
flow. EIS analysis helps to identify the configuration of these components. For instance,
several sources of resistance (R) in an electrolytic cell include R from ions in the
electrolyte, R of the active material (graphene), R of the current collector (C fiber
electrode), and R at the interface of the electrode and graphene. Analyzing impedance
data helps quantify these contributions.
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Impedance spectroscopy can be represented in two ways: Bode-Bode plots and
Nyquist plots. Bode plots express impedance as a vector in terms of |Z| or phase angle, ϴ
as a function of frequency, f (Hz). From Bode-Bode plots, comparing the phase angle
between materials may reveal a particular type of impedance (capacitive or inductive for
+90° or -90° shifts, 45° for Warburg impedance).28 Nyquist plots result as a complex
representation of impedance such that Ztotal = Zreal + Zimaginary. These provide a fairly
direct measure of the impedance components of the electrolytic circuit. Both are used to
identify charge transfer processes, just under different terms.42
Nyquist plots have several general patterns that depend on the configuration of the
electrolytic circuit. (The electrolytic circuit is approximated by an equivalent circuit to
model the behavior of current flow as it would through traditional electrical components.)
A capacitor would show a steep line near the origin (high f region) with a slop the levels
off somewhat. A capacitor and resistor in parallel (RC circuit) produces a semi-circle
along the Zreal axis, which is the trend that our hybrids display. In other cases, a second
semi-circle appears adjacent to the first, meaning there is a second serial RC that has its
own time constant, τ. In other cases, the first RC arc is interrupted by Warburg
impedance that appears as a sharp line at lower frequencies.
Warburg impedance, ZW, is approximately described as the effort to move ions in
the electrolyte to the electrode surface, or the diffusion/mass transfer impedance.
Warburg impedance (sometimes referred to as Warburg resistance, RW) could be
explained by capacitive charging between layers of a porous electrode like the rGO and
GO supports. ZW appears as a 45° tangential line to the arc on Nyquist plots for certain
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equivalent circuits.42 A steeper slope (greater than 45°) on Nyquist plots indicates a
system that has stronger capacitive behavior.
Specific capacitance, Cs, is one of several electrical parameters needed to
determine the usefulness of the hybrids. It is defined as charge (Q) storage per unit mass
(m), and it is inversely proportional to the potential window (ΔV), as expressed in Eqtn.
6. Q is determined from ½ the
𝐶𝑠 =

𝑄
𝑚∆𝑉

(6)

integrated curve from CV voltammograms. At low frequencies of ac voltage, the
capacitive behavior tends to change. The low frequency (f) capacitance (Clf) is calculated
from the Z'' impedance date at low-f (Hz). This relationship is shown in Eqtn. 7.
1

𝐶𝑙𝑓 = 2𝜋𝑓𝑍 ′′

(7)

To calculate the power capability of the hybrid materials, the resistance associated
with charge transfer (Rct) is needed. The diameter of the arc in the high-f range, seen from
the Nyquist plot for an RC circuit, is the Rct (Ω). From Ohm’s Law (V=IR), power
density can be expressed as a function of voltage, resistance, and mass as shown in Eqtn.
8 (over a period of time in seconds, s). The energy (E) density of the system can be
calculated using Eqtn. 9 and the capacitance of the system, C—previously determined
from the CV curves and Eqtn. 6.
𝑃=

𝑉2
4𝑚𝑅𝑠

(8)

𝐸=

1 𝐶𝑉 2
2 𝑚

(9)
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3.2 Materials and Methods
The hybrid nanomaterials were methodically constructed and analyzed. Since the
goal is to quantify the enhanced electrochemical properties of the hybrid graphenemanganese materials, those properties were measured between each step. A schematic of
the steps in constructing the carbon fiber electrodes coated with graphene and manganese
oxide is shown in Fig. 23. Cloth carbon fiber electrodes were constructed by manually
braiding strands of carbon fibers together. We measured a number of parameters
(including RS, CV, EIS) for this substrate alone. Then 10 coats of rGO and GO were
deposited by drop cast on their own carbon fiber electrode. Raman point spectra were
collected, followed by CV and EIS measurements as outlined below.
Manganese oxide was then deposited onto the substrates coated with either GO or
rGO in a manner much like recharging an electrochemical battery. One at a time, the
electrodes were placed in a solution of 0.05 M manganeseII oxaloacetate as part of the 3electrode electrolytic cell; saturated calomel electrode (SCE) was the reference electrode,

Figure 23. Stepwise depiction of constructing MnOx/graphene coated C-fiber
electrodes.41
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stainless steel was the counter electrode. By using potentiodynamic CV over 10 complete
cycles from 0 V to -1.5 V at a scan rate of 20mV/s, MnOx was adsorbed to anodic
working electrode (WE) as a response to the induced series of redox reactions. The same
set of measurements were collected for the new hybrid nanomaterials. Here to the end of
the chapter, MnOx is used to describe the manganese oxide adsorbed on the electrode,
since it is unknown until data is analyzed what oxidative state formed.
The Raman instrument for this portion of experimentation was the same as that
used in Chapter 2. The micro-Raman spectrometer was equipped with an excitation laser
of 632.8 nm (Energy equivalent of 1.92 eV). Maxiumim power output was 18 mW, or
about 5 mW incident at the sample. An edge filter of 100 cm-1 was used to remove
reflected laser light. Raman shift was measured from 200 cm-1 to 3200 cm-1 for the hybrid
materials. Acquisition time for point spectra only took a few minutes. Jandel Scientific
Peakfit and WiRE4 software were used for curve fitting and data analysis. Point spectra
for each rGO, GO, MnOx/rGO, and MnOx/rGO on carbon fiber substrates were collected,
normalized to the G peak, and analyzed as described in the results section below. These
tools help us describe how the hybrids interact based on lattice vibrations.41
The hybrid materials were then characterized by RS to confirm the presence and
interaction of the constituent parts of the nanomaterial, as indicated by the Raman band
shifts and changes in relative peak intensity. Voltammetry methods CV and EIS were
performed to measure the electrical (current and impedance) properties of the hybrid
nanomaterial.
To test the electrical properties of the electrodes, the asymmetric 3-electrode
electrolytic cell was used in conjunction with a CH Instruments Inc
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potentiostat/galvanostat electrochemical workstation (Model 920D).41 A buffer solution
of 1M Na2SO4 was used for all CV and EIS testing.
For CV data collection, current was measured at (5, 10, 20, 50, 80, 100, and 500)
mV/s for the bare C-fiber electrode, the electrode coated with only rGO, GO, and with
the electrochemically deposited MnOx, and finally the composite hybrids. Also using CV,
cyclic stability was examined by exposing the hybrid-coated electrodes to 10 cycles from
0 V to 1.5 V at a scan rate of 50 mV/s (Fig. 29). An applied AC of 10 mV (root mean
square) was used for EIS measurements; the frequency range was 0.01 Hz to 100 kHz,
and the electrolyte was 1.0 M Na2SO4.

3.3 Results Discussion
3.3.1 Raman Spectroscopy
The rGO and GO materials were responsive to Raman in four regions or bands
with peaks near the following locations: D—1352 cm-1, G—1585 cm-1, D’—1611 cm-1,
and 2D—2640 cm-1. A band of combined contributions from D and G band appears
around 2920 cm-1. We measured Mn at about 585 cm-1 and 640 cm-1. Complete Raman
spectra for the bare carbon electrode, rGO and GO on the electrode, and the MnOx
hybrids are compiled in Fig. 24.
Each of these bands reveals a different aspect of the analyte. The D band results
from disorder in an imperfect crystal; more disorder produces stronger D peaks. Few
layers of graphene may intensify the D peaks as well.40 Imperfections arise from a variety
of factors. Small crystallite size, or only a few layers of graphene, where there are
numerous incomplete bonding at the edge of the crystal (or layers of graphene) compared
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to the bulk material increases disorder. Holes and ligands/functional groups disrupt the
in-plane networks of sp2-bonds as well as the inter-planar graphene layers. The D’ band
is affiliated with nanocrystalline structures; its presense is indicative of nanostructures.
These defects are primary candidates for binding sites as manganese oxide ions are
adsorbed to the graphene sheet. The Raman G band corresponds to the

Figure 24. Raman spectra for electrochemically formed hybrids and rGO, GO on
C-fiber electrodes.41
in-plane sp2-bond length of the graphene sheets. The intensity of this peak is maximized
for pure, totally reduced graphene; it is diminished with increasing disorder of graphene
(i.e. GO). Any changes in bonding structure alters the energy transfer between atoms in a
lattice structure, which is detectible by Raman spectroscopy. The lower ωMn at 584 cm-1
is mostly caused by lattice vibration within the MnO2 crystal, whereas the other peak at
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640 cm-1 is attributed to Mn—O bond stretching at the octahedral sites of the crystal
structure.38,39
The intensity ratio of the D and G wavenumbers (ω), that is ID to IG, provides a
general idea of the amount of funtional groups—or defects—of the base graphene. The
ligands of GO pull electrons away from the sp2-bonded network. As these funtional
groups are removed by reduction of GO to rGO, the sp2-domains increase as the C—C inplane bond length increases. This results in a stronger G band for rGO. Minor variations
in characteristic Ramn peaks may result from a couple of related factors: as particle size
decreases, crystal defects increase as the ratio of surface atoms to total atoms present
increases. Unbound crystal edges mean that phonon energy is not efficiently carried by
the material, resulting in depressed detection by the RS system.38, 39
Peak positions of ωMn, ωG, and ω2D for each hybrid are compared in Fig. 25. The
MnOx on rGO had the highest peak position at 660 cm-1 compared to GO or bare
electrode substrate, as seen in Fig 25a. This is caused by a stretching of the Mn—O bonds
compared to the manganese oxide on a bare substrate or with GO support. (The substrate
in Fig. 25a was ITO, indium tin oxide.) The position of the G band was upshifted most
for MnOx on GO (Fig. 25b) by about 7 cm-1 to 1602 cm-1. Shifting of the G band happens
when the in-plane carbon bonds lengthen, so this upshift indicates an injection of
electrons to the lattice. The 2D band, a measure of disorder in the lattice and related to
the number of layers, saw a minor upshift for GO, and a significant downshift for rGO
upon the addition of manganese oxide. This is likely a reflection of the disruption caused
by the addition of MnOx to the nearly pristine rGO layers.
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Figure 25. Comparisons of the Raman peak position for hybrids and rGO, GO
supports are shown in figures (a), (b), and (c) for ωMn, ωG, and ω2D, respectively.41

Figure 26. Intensity ratios for a) G to 2D band (IG/I2D), and b) Mn to G band
(IMn/IG) for MnOx/C hybrids and C-supports alone.41
The intensity ratios for IG/I2D and IMn/IG are shown in Figs. 26a and 26b,
respectively. The intensity of the G to 2D band (Fig. 26a) doubles when comparing either
graphene support to their hybrid materials. In rGO’s case, this increase is likely due to an
overall lengthening of the in-plane C—C bonds caused by n-doping of the graphene
lattice by MnOx. The same is not necessarily true for MnOx/GO; rather, the presence of
the new MnOx ligand likely reduces the 2D intensity for MnOx/GO. These trends are seen
in Fig. 24. The intensity ratio for the two Mn to G peaks of GO are greater than the ratios
for rGO (Fig. 26b). One explanation for this result could be that more manganese oxide
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was deposited on the GO support than was deposited on rGO due to the increased
availability of binding sites on GO.36

3.3.2 Electrochemistry
The slope of I-V curves indicates the conducting capabilities of the
electrochemically deposited manganese oxide on a bare C fiber electrode and graphene
supports (Fig. 27a). MnOx alone did not make for a good conductor—there was
essentially no current response measured, possibly due to the configuration of the
adsorbed crystallites on the bare electrode. A thicker layer of manganese oxide may have

Figure 27. I-V plots (a) and dc conductivity (b) for MnOx and hybrids. All data
was collected at room temperature; current was measured in mA, voltage in V, and
conductivity (σdc) in S/cm.41
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been more responsive. MnOx on rGO support had the best conductivity as seen by the
steepest slope in Fig. 27a, and by the direct measure of conductivity (dc) of about 5.8 S
cm-1 Fig. 27b. The MnOx/GO hybrid was marginally behind the rGO hybrid in terms of
conductivity at 5.2 S cm-1, but it also had a slightly less consistent conductance curve
(current resopnse) across the same potential.41

Figure 28. CVs over 10 cycles from 0 to -1.6 V at a rate of 50 mV/s for a) MnOx,
b) MnOx/rGO, and c) MnOx/GO on ITO or C-fiber electrodes in 0.5 M Na2SO4.41

Cyclic stability shows that the hybrid materials are dependable over many cycles.
They continue to have comperable performance—the same current response—as they had
when new, even after continuous charge/discharge cycles. Figs. 28a, b, and c show the
CV voltammograms over 10 cycles from 0 to -1.6 V at a scan rate of 50 mV/s for MnOx,
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MnOx/rGO, and MnOx/GO respectively, each on the carbon fiber substrate.
Electrochemically deposited manganese oxide directly on the electrode had the most
consistent response. The peaks for the rGO hybrid appeared in the same location, even
though the intensity (Imax) at each cycle diminished. The consistency of these peaks
indicate the occurance of redox reactions. After the first 1-2 cycles, the GO hybrid also

Figure 29. CV diagrams at several scan rates, all materials on carbon fiber
electrodes. Plot a) is MnOx on bare C-fiber, b) GO, c) rGO, d) MnOx/GO, and e) MnO41
x/rGO.
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displayed reasonably good reproducibility. The excess ligands on GO may increase the
amount of variability in this material’s response to an applied voltage.
Cyclic voltammograms (CV) in Fig. 29 show the charging and discharging of the
following: a) MnOx, b) GO, c) rGO, d) MnOx/GO, and e) MnOx/rGO at scan rates of 5,
10, 20, 50, 80, 100, and 500 mV/s from -0.8 V to 1.0 V. The note of ‘10 coats’ on the
graphs indicates the number of layers of graphene deposited onto the electrode. Fig. 29c
for rGO maintains this appearance best across the range of scan rates. Occasional peaks
on these plots, as seen in Figs. 29b and 29d for GO and MnOx/GO, indicate redox
reactions.

Figure 30. Curent as a function of (scan rate)1/2 for GO, rGO, and the hybrids, units
in A and (mV/s) 1/2.

The data from CVs is used to determine the reversibility of a reaction by
comparing the current (A) to the square root of the scan rate which is shown in Fig. 30. A
linear correlation indicates a reversible reaction; Fig. 31 focuses on those linear regions.
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GO looks to be the most reversible across a range of scan rates, but rGO and the hybrids
were improved at lower scan rates. These materials likely interact by both charge transfer
and diffusion processes.42

Figure 31. The linear portions of the CV reactions for GO, rGO, and hybrids, with
the inset plot showing the entirety of the current versus scan rate.

Specific capacitance is determined from electrochemical analysis. The CV curves
for MnOx/GO and MnOx/rGO have the largest integrated area compared to the other
materials; the specific capacitance was best for the hybrid materials. The bare C-fiber
electrodes did not significantly contibute to the capacitance of the hybrid-coated
electrode. The specific capacitance as a function of the squate root of the scan rate (v1/2)
is shown in Fig. 32. The maximum current flow fluctuates with the scan rate, and a linear
correlation of capacitance, C, to v1/2 indicates a diffusion limited reaction.41 All the
materials studied had diminishing specific capacitance with increasing scan rates; the
highest Cs for all materials was at a scan rate of 10 mVs-1. The corresponding Cs are as

62

follows: 560, 350, 150, and 70 Fg-1 for MnOx/rGO, MnOx/GO, rGO, and GO,
respectively, and shown in Table II.41
Impedance data presented as a Nyquist plot (Figs. 33a-b) reveals some
information about the sources or resistance in the material and system. The plots show
the mathematically imaginary and real portions of the measured impedance, from which
we can start to quantify and qualify the nature of the electrical responses. The Nyquist
plots for the hybrids closely resemble the behavior of an ideal supercapacitor; a small arc
from charge transfer resistance (Rct)—offset by the resstance of the electrolyte solution,
Rs—is observed in the high frequency range. The Rct of these contributions is determined
from the arc diameter, measured in Ω. Bode-Bode plots are shown in Figs. 33c-d. A
phase shift of approximately 10° is seen for either graphene support compared to its
corresponding MnOx hybrid (Fig. 33d).

Figure 32. Specific capacitance versus scan rate for GO, rGO and the hybrids.
Units in F/g and mV/s.
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Figure 33. The impedance data in Nyquist (a,b), Bode-Bode (c, d), and lowfrequency capacitance for the hybrids and rGO, GO. The equivalent RC circuit is also
provided, inset to (c). Impedance data included for GO, rGO, and each graphene derivative
with electrochemically deposited MnOx. (a) Nyquist plots of Zʹʹ to Zʹ to reveal trends in
R (Ω), focused on the high-frequency region for graphenes and hybrids, (b) same
parameters as for (a), but includes low-f regions and the C fiber electrode bare and with
MnOx sans graphene, (c-d) are different versions of Bode-Bode plots, |Z| and phase ϴ as a
function of f (Hz), and (e) shows the low-f specific capacitance (Clf) for hybrid and
constituent materials, determined from impedance plots.41
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Inset to Fig. 33c is the equivalent circuit model used to describe and analyze the
results of the CV and EIS data. As current flows from the reference electrode to the
working electrode (which holds our hybird materials), it encounters resistance from the
electrolytic solution (Rs), capacitive behaviour of the elctrochemical double layer that
forms at the electrode surface (Cdl), the resistance associated with charge transfer from
the manganese oxide species to the graphene supports (Rct), and any residual impedance
that is unaccounted for in Warburg impedance (ZW).41, 42
The sum of these components is the equivalent series resistance for this system,
ESR, which is used to determine the power density for supercapacitors. The ESR in Ω
was 2.11 and 2.61 for GO and MnOx/GO, 1.92 and 2.42 for rGO and MnOx/rGO, and
2.04 for MnOx alone on the electrode. The adsorbed manganese oxide particles change
the ESR of the graphene supports. If considering only the Rct values, the hybrids have
significantly reduced resistance in charge transfer compared to any of the independent
materials. Rct in Ω for the graphene supports and hybrids are: 2.81 and 0.52 for GO to
MnOx/GO, 3.01 and 0.83 for rGO to MnOx/rGO, and 3.28
for MnOx independent of graphene, also shown in Table II.41 This is a significant drop in
the charge transfer resistance, indicating improved conducting properties beyond the
caapbilites of any material on its own.
Electrical behavior like specific capacitance (Cs) may change with the frequency
of an ac wave. Cs for the lowest frequency (Clf) was extrapolated from the impedance
data and is shown in Fig. 33e and Table II by use of Eqtn. 7. At 0.01 Hz, the Clf was
highest for MnOx/rGO followed by MnOx/GO at about 4.5 and 2.6 F/cm2, respectively.
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Table II. A sumary of carious electrical parameters for the hybrid and constituent
materials. Parameters include specific capacitance (Cs), equivalent series resistance (ESR),
charge transfer resistance (Rct), power and energy density, and dc conductance.41
Rct

Power d
Ω
W/kg

Energy d
Wh/kg

σ

Cs
F/g

ESR
Ω

GO

70

2.11

2.81

MnOx/GO
rGO

350
150

2.61
1.92

0.52
3.01

1017

115
~80

5.2

MnOx/rGO

560

2.42

0.83

1104

105

5.8

MnOx

200

2.04

3.28

S/cm

The other materials in decending order of Clf were rGO, Go, and MnOx (1.5, 0.7, and 0
F/cm2, respectively). The larger Clf values have the largest decrease in Warburg
impedance; the electrolyte ionic diffusion onto the electrode is fastest for the hybrids.41
The energy density and power density for the hybrids was estimated from the
specific capacitance. Given a current density of 1 mAcm-2 and using Eqtn. 8 for power
density and Eqtn. 9 for energy density, MnOx/GO was estimated to have 1017 W kg-1 and
115 Wh kg-1, and MnOx/rGO had 1104 W kg-1 and 105 Wh kg-1.41

3.4 Conclusions
A number of complimentary techniques were used to identify the nature of
interaction for the constituent parts of the electrochemically constructed hybrid
nanomaterials. Raman specroscopy was used to measure the changes in vibrational
energy in atomic bonds. Specifically, the ωMn 630 cm-1 peak was significantly affected
only in MnOx/rGO. The 30 cm-1 upshift indicates that the vibrational energy of the O—
Mn bond was increased, so more energy could be stored in this portion of the crystal
structure. The presence of manganese oxide on rGO also cause a slight downshift in ω2D
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of about -80 cm-1. As this band is related to the amount of disorder in the crystal; a down
shift is likely from less efficient energy transfer across the sp2 lattice, indicating an
increase in the disorder of the rGO layers. For the GO based hybrid, an upshift in ωG was
seen as a result of n-type doping from MnOx contributions, which casused the in-place
C—C bonds to lengthen. This hybrid saw minimal changes to the 2D and Mn peak
positions, although the disorder of GO was marginally decreased by the addition of MnOx
(perhaps because it resolved some unbound C in the lattice).
The hybrid nano-materials constructed in-situ were found to be electrically active
with enhanced properties as hybrids compared to the independent materials. The specific
capacitance for both hybrids was improved over any of the constituent materials at 350 F
g-1 and 560 F g-1 for MnOx/GO and MnOx/rGO respectively. The power density of the
hybrids was calculated at 1017 W kg-1 (GO based) and 1104 W kg-1 (rGO), and the
corresponding energy densities were 115 Wh kg-1 and 105 Wh kg-1 for the GO and rGO
hybrids. These values plus EIS analysis indicate that the electrochemically deposited
manganese oxide on either rGO or GO could serve as supercapacitors with significantly
improved energy storage potential.

Summary and Future Prospects
SEM and XRD provided insight to the physical appearance of the hybrid
materials. With an idea of how the hybrids looked, we were able to more easily
supplement data from other characterization techniques (i.e. RS and CV/EIS) to
accurately and quantitatively describe the disparate materials’ interactions.
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The two means of hybrid construction resulted in similar RS band shifts, but the
peaks were improved in electrochemical deposition due to the smaller manganese oxide
crystallite size. The observed manganese peaks from Chapter 3 to those in Chapter 2
indicate that the electrochemically deposited manganese oxide predominantly takes the
form of MnO2.
The ultimate goal of this work is to construct an inexpensive, environmentally
friendly material that can temper the variability of energy from renewable sources, which
may in turn enhance their positive contributions to the electricity grid. Increasing the
dependability of renewable energies can enhance localities’ control over the energy
supply and its infrastructure. However, there are a number of tests to conduct before this
can be achieved. Among them are creating efficient manufacturing techniques that can
produce consistent micro- and nano-architectures, optimizing nanostructures to enhance
contributions from each component of the hybrid nanomaterials. Part of this optimization
process includes testing the cyclability of the materials, as long cycle life is highly
important. In doing these things, deeper understanding of structure and hybrid
nanomaterial performance will be contributed to the field.4,5
In conclusion, we demonstrated the successful preparation of
graphene/manganese dioxide hybrid electrodes via potentiodynamic cycling deposition of
semi-crystalline MnOx film on pre-deposited graphene derivatives coated on carbon fiber
cloth and ITO substrates from aqueous solution of GO and rGO colloidal dispersions. We
signify the importance of electrodeposition as opposed to physical deposition for energy
storage applications since the former technique allows for creating graphene-metal oxide
tailored interfaces with tunable and desired properties. Raman spectroscopy, electron
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microscopy and other complementary structural analytical techniques confirmed that the
electrochemical process enables the formation of MnO2 on overlapped and stacked
platelets of GO and rGO nanosheets having sufficient electrochemically active sites. The
hybrids and constituent electrodes performance as asymmetric supercapacitors were
characterized for their potential in electrochemical energy storage systems thus address
renewable energy sources. It was found that the presence of underlying GO and rGO
films loaded with optimized MnO2 nano-aggregates having chemical tethering increased
the specific energy storage capacity that can meet industrial goals i.e. Cs of 560 Fg-1 (and
350 Fg-1) for MnO2/GO (and MnO2/rGO) electrodes. These hybrid electrodes exhibited
gravimetric power density of 1017 W kg-1 and 1104 W kg-1 and corresponding energy
density of 115 Wh kg-1 and 105 Wh kg-1, respectively. The large specific surface area and
marginally defective nature of graphene derivatives in conjunction with an efficient
utilization of electrocrystallized nanostructured manganese oxides facilitated rapid ion
transport and electrochemical cyclic stability. Further studies are carried out keeping in
view of their progress toward grid scale energy systems as well as investigating
physicochemical processes while gaining insights into electrode/electrolyte interfaces.
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Presentations of This Work
The material contained within this thesis has been published or presented at
Western Kentucky University’s Student Research Conference March 2014, American
Conference on Neutron Scattering June 2014, and the Kentucky Academy of Science
Annual Conference November 2014. The Journal of Electronic Materials published the
work pertaining largely to Chapter 2, “Graphene-Based Hybrids with Manganese Oxide
Polymorphs as Tailored Interfaces for Electrochemical Energy Storage: Synthesis,
Processing, and Properties.”36 Chapter 3 was published in the International Journal of
Electrochemical Science, “Investigating Electrochemical Properties and Interfacial
Processes of Manganese Oxides/Graphene Hybrids as High-Performance Supercapacitor
Electrodes.”41
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